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1-Introduction

Chlorite is a widespread phyllosilicate mineral commonly formed during low- to medium-grade
metamorphism and hydrothermal alteration in both metamorphic and magmatic settings. Its chemical
composition ,particularly the distribution of divalent cations (Mg, Fe*") and trivalent cations (Al**) between

tetrahedral and octahedral sites, is sensitive to physicochemical conditions such as temperature, fluid
composition, and protolith characteristics. Consequently, chlorite is regarded as a key mineral for retrograde
thermometry and for deciphering metamorphic and metasomatic processes (Cathelineau, 1988; Vidal et al.,
2005; Lanari et al., 2014).

The Sanandaj—Sirjan Zone (SSZ), as a long-lived orogenic domain along the northern margin of the
Neo-Tethys, exhibits complex metamorphic and magmatic histories resulting from the prolonged
subduction of oceanic lithosphere and subsequent continental collision between the Arabian and Iranian
plates. Within this tectonometamorphic framework, the northern Azna region represents a structurally and
petrologically diverse area, comprising regionally metamorphosed phyllites and chloritoid schists, contact-
metamorphosed hornfelses, and intrusions of meta-granitic bodies. The coexistence of these lithologies
offers a rare opportunity to investigate chlorite crystallization under variable thermal regimes associated
with both regional and contact metamorphism, as well as post-collisional magmatism.

This study aims to characterize the chemical composition and thermometric behavior of chlorite in a
suite of metamorphic and granitic rocks from northern Azna, with a focus on its structural formula and
thermal response. By integrating microstructural observations, XRD mineral identification, and electron
microprobe analyses with empirical thermometric calibrations, this research seeks to constrain the
metamorphic gradients and fluid—rock interaction pathways that governed chlorite evolution in the study
area. The results provide valuable constraints on the retrograde metamorphism and thermal re-equilibration
processes in the SSZ, contributing to a broader understanding of crustal reworking along the northern
Gondwanan margin during the post-Variscan and early Alpine orogenic evolution.

2-Material and methods

Chlorite compositions were analyzed by FElectron Probe Micro-Analyzer (JEOL JXA-8200) at the
University of Earth Sciences and Environmental Studies, Potsdam, Germany, under 15 kV accelerating
voltage, 20 nA beam current, and 2—10 um beam diameter. Calibration employed synthetic standards and
natural monazite. Additional microstructural analyses were performed using a Jeol JSM-651 SEM equipped
with Oxford Inca X-act EDX. X-ray diffraction (XRD) measurements were conducted at the XRD and XRF
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services of the General Research Support (SAI) at the University of Zaragoza, Spain, using a RIGAKU
Ru2500 diffractometer (40 kV, 80 mA, Cu anode). Data were collected over 26 = 5°-70° with 0.03° step
size. Phase identification utilized the JCPDS database, and quantification was based on the Reference
Intensity Ratio (RIR) method.

3-Results and discussions

Microprobe analyses of chlorites from northern Azna (based on a 14-oxygen structural formula) reveal
notable compositional variations corresponding to different lithologies. Geochemical diagrams such as Si
versus R?** (Fe + Mg + Mn) (Wiewiora and Weiss, 1990) and (Mg/Mg+Fe) versus R** (Al**) (Plissart et al.,
2009) were applied to classify chlorite species. Chlorites from phyllites and hornfelses plot in the domain
of crinochlore and Fe-amesite, suggesting high Al content with lower Si values, consistent with formation
under metamorphic conditions enriched in Al-bearing fluids. These chlorites typically show low
Mg/(Mg+Fe) ratios (<0.4) and high R*" values (>1.5 apfu), reflecting Fe-rich and Al-rich chemical
signatures.

In contrast, chlorites from metagranites and granites plot within the chamosite, ripidolite, and sheridanite
fields. These compositions indicate post-magmatic hydrothermal alteration at lower temperatures.
Chamosite and daphnite, both Fe-rich chlorites, predominate in altered granites and metagranites,
exhibiting low Mg/(Mg+Fe) ratios (0.2-0.4) and moderate R*" contents (~0.2—1.0 apfu), indicating
interaction with Fe-rich fluids during retrograde metamorphism or late-stage hydrothermal alteration.

Chlorite thermometry, based on Al (IV) content (Cathelineau, 1988), and applied through both empirical
models and multi-component thermodynamic calculations (Vidal et al., 2006), suggests crystallization
temperatures ranging from 260°C to 285°C. Chlorites in schists and hornfelses record higher temperatures
(~285°C), in agreement with retrograde metamorphism linked to the intrusion of igneous bodies and
deformation along major thrusts of the Zagros orogenic system. These samples exhibit elevated Al (IV)
values, implying substitution of Si by Al in tetrahedral sites, and higher Fe/(Fe+Mg) ratios, consistent with
the Fe-amesite composition.

Conversely, chlorites in altered granites and metagranites yield lower temperatures (~260°C) and show
lower Al (IV) contents, reflecting formation at relatively cooler conditions. These features point to a second
thermal event attributed to late-stage hydrothermal fluid infiltration enriched in Fe, potentially associated
with post-magmatic tectonic or fluid activity. The coexistence of chlorite types with variable Fe/Mg ratios
and tetrahedral Al content reveals a complex metamorphic and alteration history involving both regional
retrograde metamorphism and superimposed hydrothermal alteration.

4-Conclusion

The mineral chemistry and thermometry of chlorites from northern Azna reveal significant mineralogical
and thermal variations that reflect distinct metamorphic and hydrothermal histories. Chlorites in phyllites
and hornfelses, identified as Al- and Fe-rich types such as crinochlore and Fe-amesite, formed under
retrograde metamorphic conditions at ~285°C, associated with contact metamorphism and Al-rich
metamorphic fluids. In contrast, chlorites in altered granites and metagranites, dominated by chamosite and
daphnite compositions, crystallized at lower temperatures (~260°C), reflecting late-stage hydrothermal
alteration by Fe-rich reducing fluids. The observed variations in chlorite composition and crystallization
temperature indicate two distinct thermal events in the region: (1) a higher-temperature retrograde
metamorphic episode linked to tectonic activity and intrusion of igneous bodies, and (2) a later
hydrothermal overprint associated with post-magmatic fluid infiltration. These findings support a complex
geodynamic evolution for the northern Azna area within the Sanandaj—Sirjan Zone, involving both regional
metamorphism and superimposed hydrothermal processes.
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Fig. 1. (a) Location of the study area on the geological map of Iran, (b) a zoomed-in map of the Sanandaj—Sirjan Zone
based on the regional geology of the study area (Stocklin et al., 1973).

—
(e
[¢]
=3
(=%

Quaternary

Marl & limestone (Oligocene)
Volcanic rocks & limestone (Eocene)

Volcanic rocks & limestonc(Jurassic-Cretaccous)
Phyllite, Schist, Hornfels (Late Triassic-Jurassic)
Meta-acidic Volcanic (Late Triassic)
Meta-dolomite & meta limestone (Late Triassic)
Quartz arenite

Schist (Middle-Late Triassic)
Dolomite & limestone (Permian)

Contact aureole
Meta-gabbro

Granite & granodiorite
Mylonitic granite
Strike slipe fault
Thrust fault

City

Location of samples

-« N IININE i

= 491317 492505

(Sahandi et al., 2006) w3l G anis 5l axd 5 bl Jlods (uolids ey aiits =Y IS
Fig. 2. Geological map of northern Azna, adapted from the geological map of southern Shazand (Sahandi et al., 2006).

YA



Y O)Lo.«.i) N0 o)5¢ AF-¥ ).;JLJ

a

wa W K 5
A0yl Lgoﬁ)lf (5""’Lw) o) ;},‘{'wa/:‘p:aal,

Igneous rocks

Granite in road

Metamorphic
rocks

Olyes Sl 5 LoSle S9ii il 5 Jloyi-5ignSs Laly; oaims (Lis oS o031 5 (95,59 slacins O jglome (SisSz 5l IS sled Y S
53085l o &y 03l O jglone ;0 Cudl T 51 aais ) (€) el (sliwg, 5o (D) conig e sliwg, ;0 (@) 1l oo 4y 0 sl (65,50

B3l Jlos dlsalis 51 il Slie (@) 5 U3l Jlod gl () ¢ Jlod Caoms & 3
Fig 3. General views illustrating the juxtaposition of metamorphic and igneous rocks, and highlighting the tectono-thermal
relationships and the influence of magma intrusion on the metamorphic host rocks: (a) in the Miravandeh, (b) Molla Taleb

village view looking north, (c) Granite exposure along the road toward Aligudarz; view to the north, (d) Schists from
northern Azna, and (e) Metagranite from Shahuleh, north of Azna.

34200 RuU2500 Jow RIGAKU s il 5y oS 3 onliinl
Lyls cog oS w‘ Sloaus ‘5)51@.? o= R4 LY
505 o0 ) oo WL el A5 Slgsl S F Sliles
Sy o Kol Gl gl b5 lepliss |
/Y ‘alf L A0 Yo GO c)'la. 5o Yo Ls)jo)l..\.‘l .Lu‘;....»
QS’LA.AJL-MJ lej.v o OMMIGAPL?).DJJML‘ \ uu)jo)o
JCPDS-International Center for oosls oL ;I ol
L s3boeoS -Cawl oas oolizwl Diffraction Data-2000
ol a8 cewl a3 5 sl lao lailiw! RIR - il )y 51 oolaa!
DRAGe Db A oS 5 Sy (25698 Ddd Cod o0
el D410+ bglsee Sy 45 pailysS S

6)@3&—f

Il (Seelas 9 (gl sl S5 50 slacSn
318 Weds o o pudas oo 5 baads Jolis el (Ul ddlaie
At Solaie (6,0 S Llas

V¥4

93 ey
C909,50 Uhg) 3l eolitul b o IS sl SIS Sl g 452
Sy banze g o) pole olails o (EPMA) (g 2SI
prsrSan olSiws b WasliT ol s alool Ll plods,
Lyls ces JEOL Superprobe JXA-8200 Sg,xSUl
o3l g ypalgl Yo sz «2Jgols VO 5y Jolis Sliles
5 sl rallS Sl 8,5 550 ias San Ve B Y (s 5
Cujlige Geizred 5 (Soras ladlaliul I o s
958 CgSmg Sn 5l einl 2 ogdle ol i85 00 (ol
&l SaSly mwcl 4 jexe Jeol JISM-651 s,
<> o Oxford Inca X-act Jao (EDX) WSOl o5y
5 ol Gl Soiul b oolitul oS3 cla )y
Sl 55 il 5 il o i 5 (XRD) o
5 SAD lidos 5l Sl eges Sloas 4 atly
L Lo slos o bosls .l oals plol 15651,L0 oSiils



A O)Lo.»i) N0 o)gd AF-¥ ).».!Li

a

“n - R . . “.
A8 e Lgdﬁ)ls stl-w O+ ],‘;"'Iorf/:“-:a¢b

Glols &ypot il 3o bolewals CalaSis o
e 3 (S a5 Qg g0 00 0dl 05 glaad L L Sy
Ly )y jgots ol el (Sl 5 Sl S
f)/w CoLlS oyl jpas LS ! o asie jw KO,
SbGleaS, oS p Dygonr b (LA gl slatel o
o lid biuishe 0 Cu lS jpax> 0ad oo cdmlin
Colled g lawgle U oy [Lad 5 Lo Lalpl o (56550
S S sl (58,93 b p il E Jsb 0 Jle g yaee YL
s a0 g gl Ojpea il bedlS cnlye
b 3 s 5 458, IS lalSn by Sdle sl 5
Sl 5 e L Lo (g5 S5 55 s
e Jo5 S S 5 oy sk b Y55
5t 5 S Glas; o sl 5 (S slaan T
el 3 shes b il
-0
XRD 567 g —1-0
SlaSi 5l 5 XRD L] s ) Jpar s
Cads digad 50 Cawl 00l 00,9l addllas 5,90 alire
5 YD AN =Y 0 bl o sob (slacke (@,bd S5)
e Hlewadd 5 035,155 wggSwge b i 4 az )0 04 /Y
5 VUV Gblss 5o Wl diges Canid iend slasty - W)l
Aid ol g Yol g o IS g odimoylid a0 YF/A
el e (OF ISE) s y0 dz sV AUD o Lol S
oS 5 diged pl yo Lall atal o lil codS
Ll p samsglis co ks 5 CosSuge 8 (B S
ool o)l hwge Jlid g Lo Lalyd s (5655
Al gy Lok b 5 Jlowald 5 35,058 jgud> . aml St
558 Ll o o Sl S S35 L et il
OF JS2) Cond 3 Sl jga - Wlodd Jooed Caned 4
S K s ygalio b a5ln,S  Sogll satasylis Wil oo
2l Ly S slge gl 4yl

RV Oblssye o5 oy (€0 U8 ulisyse o
5 andS s b s 4 amye YAF 4 YD YV
I 5o s sty W)l cdillae (Codl) sl

S da 20 b ool il jpas sasmsylis as o YOIV

5 YAUF XEIF o Lol slacly (d 0 JSo) udisyse o

VO

S —)-F

e 55158 w2 IS sl 1S 5l Bane o IS slacens
Sl b oS wload S5 ) oG 5 (CosSuge)
Lolyd o Glaaal (95,50 ouimo )i ¢ pastien diy st
Wd (o Comed Gunsld) b U laogiie jlid g Leo
ol Szl S ol 3 e il @b ¥ S)
e S5, b glad g sl sl Oygpo 4 S (nl jo o kS
SrSinz b blen O g0t cdel 5 098 0 jall asiis
Jgaz 00,5 oo odlin dl it Falw slaisl (o IS,
o oo el g8 Gl S g lalowalld 5| (Jolite nolie
&l oad (215 badiges (S p )0 s CS 5 SO
bylys o ole S ploond oS5 0 E55 oxmslis
ROMPERRN

i ya P9 M g a5 -V-F

G555 5l o o5 ) e o IS sla odis gn
oiled 1) (S35, g ailoy, Cdl wilais S8 S yglore
b ol e cdl ed F S
Sol> boee K opl ool Seadlgl Foads b9

JJ)‘A?‘SA

5 Cudsm wile clye Gl Sl (2l 5 FlS wlols
‘5.55.5.3 ‘_gl.{boosl{ L Q)jl.?u AmS o FLIIPRSGIN-S ))155.:))14
L oaiSTy & ygods bl 0 cpl jo Co IS wlaid 3 S
S50 sl S5 L 5 g 0sd o0 00y SHL sbaS, (o
@3&.&9)&‘.‘0 u;Lm‘sw)).’ (C\chw) w‘ o‘]o.ﬁ M).w).o.,a.'
i (6 S gz W6 b ulaiee cil a4 was o ol

.b9.’>5 J..S‘Sa )JLQ...A LBW.H..: )l ‘) Libu] f‘" U"‘ 9 0033 L:a‘_;,lf
S bl o M Sy (K i 53 58 55 S lS
anlb o Jlogses SVla jpa> 5 omb b sloo b
dbogs d)UT bla 2 p 0 ax 31 .cwl S48 50
Sezg e 4y (20,55 o0 iz @ (S ped (S55 50 5l iy
el 00 0,lg3 HobS s S 5,le5 sleaxS,

o iigleo Sl S g ol Slia =T F

CugSwge il e § Slwald 5,18 51 Boes baKiw
WYY b )y & o bagl il g wlowds |SCis cossm b
o @ f F USi)ogd s atine lawgie B p, ganails
L 5,155 oads 0unlS slo g jgua> ¢ 0 5Ss e Slo oy 2
0dld > slaaily g Swolns sasme ol plai oleeasyy
LSCas ey 5o Vb oy s easolis aS Cnl dgpuiee



VO)Loai'J N0 0)5») AF-¥ ).»JL’

a

.y W | A
A0yl Lg‘bﬁ)ls GNL.MA o) Jfﬂlorf/:’:a&b

AN 5o o Sy el JI5 5l Siws p) oSl oSl
A3 o lid 1) CugSge NI 4,0
So b CagSuse g bl )l Wbl ST oS S
QilgS g0 oy jga> Sl 5l 0all )65 Sy Cudl
Foml a5 b Lulpd o e jgebie b (Sla)So am
o i cov cdl § adgl S s oaumoylid a5 il
ST 51 saelocmsdy cwlisysh sl ol )b ool (SigiSS
oo ylis «(+F0) 5 (¢ V) U3k sy o594 XRD
alols polie jo phaie glul> cwl ol e jlisle
o 5l S XRDlagSl jo ondosalin gl iyn

Of JSas o ol L2l Sl Lalyd 0 co IS oy

S oo Al bwgie b b 4z ) (S5 50 > oy

Cille Suslty Slwald 5 el 5165 b oaz e 84N
a3 oo HLis ) g ekl ax o YOS Syl
S5 Ll Gl S seess 5 coslail s
Lo s 98 50 Ygome oS Canl 00 28l 0 &)1, g (e
2yl Lite 4 ol (s 35155 5 S 3529 09050 00
Co a5 asl anils o Lol (Ued b Sal S H) s,
el 008 68 58 50,31 slaosgs 3si5 3L
RV 0 0 @F S8 el S g el Sl 58 sy
oals g eedT 55155 b o 5 4y a0 B+ 1) 5 YV/A YF[S
az VAN AN o pass Sy )l callas Sl
50 i ot ot NN 5 CugSwge Hqax oo lid
samsnlis Y Sl g s oSy (USE) cuils
L &S sl oot (Jbw 57 5 5 I glalw S

M50 Cadgm o IS (€,d) « XPLPPL 55 jo CIodle dilate b3l (aSgin IS slocansd (@,D) ow)p 3,50 slodiges 09Ky S pglas -F IS5
- ol slacaede XPL 49 5o o ddhie Codl 5 L 1) ) XPL 5950 olyb ddhie el 5 () . XPL P PPL WML adlaie [EEIPTS
.(Whitney and Evans, 2010) Bi=Biotite, Chl= Chlorite, Qz= Quartz, Pl= Plagioclase, Ms= Muscovite :l»
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Evans, 2010).
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Table 1. Results of XRD analysis of chlorite minerals in the various rock samples studied.

XRD results Reference number Sample
SiO, Quartz 1045-046-0-0
(Ko_sNao_l8)(FC()_03A11_97)(A18i)3010(OH)2 Muscovite 0742-080-01 MT-MV, Schist
MgsFe49Al, 7Si57A1,30,0(OH Ch, it
gsFes0Aly 7S157A123020(0H) 6 amosite 2163-085-01
SiO; Quartz 1045-046-00 Ta,
Na(A1813Og) Alblte 10947080701 Hornfels
KAI;Si3;0,0(OH M it
35101(0H); uscovite 1305-084-01
Mgs oFe sFeq. 1Al 2S12,6Al13010(OH)g Clinochlore
1270-079-01
Si0O, Quartz 1045-046-00 Mola-22,
Na(A1813Og) Alblte 1094—080—01 HOI'IIfClS
Ko.9Al; 6S128010(OH); 7F0.2 Muscovite 1386.086.01
Mgs oFe sFeq. 1Al 2S12,6Al13010(OH)g Clinochlore
1270-079-01
Si0, Quartz 1045-045-00 Dzh12,
Na(A1813Og) Albite 0466-009-00 Meta-Granite
KAISi Mi li
Si30s icrocline 1114-072-01
Ml’lSiZ,gAl],]O]o(OH)g Mg4,51A10,9F60_46 Clinochlore
1119-080-01
Si0; Quartz 1045-046-00 Dzh,
KMg3AlISi;0100HF Phlogopite 1657-073-01 Granite-
Na(AISi;Oy) Albit Metagranite
al 1 i
3 ¢ 0466-009-00
KAISi;O0g Microcline
] ] 1114-072-01
Mg4_5|A10,9F€0,46 MI’ISIZ,gAl],]Om(OH)g Clinochlore
1119-080-01
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Fig. 5. XRD spectra of various rock samples from northern Azna.
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Table 2. Electron microprobe analytical results of chlorite in schist samples from northern Azna.

Schist
Mol-1
SiO, 2291 21.71 2147  20.67 22774 2289 22.75 22.55 20.80 20.07 20.64 2097  21.23 22.02
TiO, 0.07 0.078  0.105 0.009  0.071 0.072 0.08 0.08 0.081 0.025 0.07 0.108  0.128 0.261
AlLO; 24.23 2448 2451 2430 2455 2391 23.93 24.24 24.32 23.98 23.99 23.78  24.04 2347
FeO 28.61 28.43 28.79  29.19  28.68 29.13 28.96 29.02 28.55 28.95 28.93 29.12  29.20 31.14
MnO 0.23 0.229  0.235 0.21 0.22 0.215 0.252 0.263 0.222 0.229 0.212 0.208  0.163 0.201
MgO 12.13 11.58 11.53 11.58 11.48 11.71 11.67 11.39 11.71 11.49 11.55 11.66 11.51 11.13
CaO 0 0.019  0.099  0.007 0.02 0 0 0.006 0.036 0.019 0.005 0.035 0.051 0.043
Na,O 0.021 0 0.037 0.014 0.014 0.011 0 0.029 0.024 0 0 0.027 0 0.015
K,0 0.005 0.052  0.019 0.009 0.029 0.013 0.013 0.011 0.026 0 0 0.05 0.02 0.053
Cl 0 0.005 0.016 0.029 0.004 0.016 0.005 0.005 0.01 0.041 0.007 0.019  0.041 0.046
Total 85.23 86.6 86.82 86.03 87.81 87.98 87.67 87.60 85.79 84.81 85.42 85.99 86.40 88.39
140

Si 1.9 1.8 1.7 1.7 1.8 1.8 1.8 1.8 1.7 1.7 1.7 1.7 1.7 1.7
Al 2.3 2.6 2.6 2.6 2.6 2.5 2.5 2.6 2.6 2.6 2.6 2.6 2.6 2.5
Ti 0.006  0.006 0.008 0.001 0.006 0.006 0.006 0.006 0.007 0.002 0.006 0.009  0.010  0.021
Fe 4.70 4.60 4.64 4.75 4.57 4.64 4.62 4.64 4.66 4.78 4.74 4.74 4.73 4.93
Mn 0.038  0.037 0.038 0.034 0.035 0.034 0.040 0.042 0.036 0.038 0.035 0.034  0.026  0.032
Mg 1.994 1.874 1.860 1.885 1.830 1.864 1.865 1.821 1.912 1.898 1.894 1.899 1.865 1.763

Zn 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ca 0.000  0.003 0.016  0.001 0.003 0.000 0.000 0.001 0.006 0.003 0.001 0.006  0.008 0.007
Na 0.007  0.000 0.012  0.005 0.004  0.004 0.000 0.009 0.008 0.000 0.000 0.009  0.000  0.005
K 0.002  0.017 0.006 0.003 0.009  0.004 0.004 0.004 0.008 0.000 0.000 0.016  0.006  0.017
Cl 0 0.001 0.003 0.005  0.001 0.003 0.001 0.001  0.002 0.007 0.001 0.003 0.006  0.007
Total 10.95 10.83 10.86 10.86 10.84 10.86 10.86 10.86 10.89 10.92 10.85 10.87 10.84 10.91
AIY 2.1 2.2 2.3 23 2.2 2.2 2.2 2.2 2.3 2.3 23 2.3 2.3 2.3
AlY 0.2 0.4 0.4 0.3 0.4 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.2
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Continuation of Table 2.

Schist
Mol-1
SiO> 2195 21.86 21.27 2143 2197 21.51 2208 2128 2090 2295 2293 2411 23.66 23.66
TiO2  0.119 0.061 0.055 0.084 0.024 0.068 0.062 0.059 0.132 0.056 0.063 0.025 0.067 0.037
ALO3s  24.61 2446 24.06 2477 24.64 2438 24.00 23.72 23.82 24.01 23.62 23.84 23.67 24.07
FeO 29.98 29.54 2933 2997 29.78 29.73 2939 29.20 28.91 29.00 29.47 29.39 30.04 29.44
MnO 0.235 0.236 0.208 0.242 0.258 0.265 0.205 0.243 0.209 0.252 0.197 0.181 0.175 0.267
MgO 1136 1192 1138 1140 11.88 11.58 11.31 11.83 12.11 1192 1148 11.72 11.56 11.63
CaO 0.015 0 0.014 0.003 0.004 0.035 0.07 0.02 0 0.01 0.021 0.03 0.015 0.003
NaxO 0.028 0.001 0.022 0.029 0.025 0.017 0.014 0 0.02 0.006 0.028 0 0.008 0.028
K20 0.006 0 0.003 0.008 0.006 0.005 0.037 0.004 0.009 0.009 0.007 0.016 0.004 0.008
Cl 0.008 0.023 0.007 0.002 0.009 0.004 0.034 0.04 0.003 0.008 0.029 0.036 0.033 0.017
Total 88.32 88.12 86.36 8795 88.61 87.60 87.23 86.41 86.11 88.23 87.87 89.36 89.24 89.17
140
Si 2.0 1.7 1.7 1.7 1.7 1.7 1.8 1.7 1.7 1.8 1.8 1.9 1.9 1.9
Al 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.5 2.5 2.5 2.5 2.5
Ti 0.009 0.005 0.004 0.007 0.002 0.005 0.005 0.005 0.011 0.004 0.005 0.002 0.005 0.003
Fe 4753 4.694 4755 4771 4706 4.751 4718 4.731 4700 4.602 4.697 4.605 4714 4.622
Mn 0.037 0.037 0.034 0.039 0.041 0.042 0.033 0.039 0.034 0.040 0.031 0.028 0.027 0.042
Mg 1.801 1.894 1.845 1815 1.877 1.851 1.816 1917 1969 1892 1830 1.837 1.814 1.826
Zn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca 0.002 0.000 0.002 0.000 0.001 0.006 0.011 0.003 0.000 0.002 0.003 0.005 0.002 0.000
Na 0.009 0.000 0.007 0.009 0.008 0.005 0.004 0.000 0.007 0.002 0.009 0.000 0.003 0.009
K 0.002 0.000 0.001 0.003 0.002 0.002 0.012 0.001 0.003 0.003 0.002 0.005 0.001 0.003
Cl 0.001 0.004 0.001 0.000 0.001 0.001 0.005 0.006 0.000 0.001 0.005 0.006 0.005 0.003
Total 10.86 10.87 10.88 10.89 10.88 10.89 10.85 10.85 10.86 10.86 10.87 10.86 10.90 10.88
ALY 2.0 2.3 2.3 2.3 2.3 2.3 2.2 2.3 2.3 2.2 2.2 2.1 2.1 2.1
AV 0.6 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.4 0.3 0.4
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Continuation of Table 2.

Schist
Mol-1 Mol-3
SiO2 23,53 2388 2123 2211 20.15 1849 18.72 1933 22.05 2129 19.64 2025 1859 21.18
TiO2 0.098 0.055 0.067 0.041 0.053 0.068 1.123  0.059 0.061 0.042 0.055 0.065 0.076  0.083
AlOs 2438 2440 2393 2393 2374 23.18 1992 2384 2394 23.58 2414 24.06 2444 2407
FeO  29.28 2922 28.82 2977 2979 30.8 28.09 29.22 3021 29.71 30.05 30.08 2946 29.88
MnO 0231 0242 0.193 0.196 0.142 0.157  0.097 0.15 0.18 0.186 0.211  0.164 0.183 0.204
MgO 11.82 1138 11.80 1146 11.52 1130 9494 1191 11.33 1132 11.35 11.64 11.61 11.63
CaO  0.008 0.027 0.021 0.016 0.024  0.08 0282 0.011 0.019 0.017 0.023 0.017 0 0.025
Na2O  0.009 0 0.015 0.011 0.019 0.035 0.072 0 0.019 0.03 0.018 0.002 0.05 0.001
K20 0.002 0.003 0.01 0.111  0.067 0.057 1.444  0.014 0.012  0.009  0.005 0 0.003  0.003
Cl 0.007 0.026  0.037 0.018 0.015 0.021 0.064 0.01 0.006 0.014 0.006 0.006 0.009 0.003
Total 89.37 89.25 86.13 87.67 8552 8420 7931 8455 87.83 86.20 85.51 8629 84.43 87.09
140
Si 1.8 1.9 1.7 1.7 1.6 1.5 1.6 1.6 1.7 1.7 1.6 1.6 1.5 1.7
Al 2.5 2.6 2.6 2.5 2.5 2.5 2.3 2.6 2.5 2.5 2.6 2.6 2.7 2.5
Ti 0.008 0.004 0.005 0.003 0.004 0.006 0.099 0.005 0.005 0.003 0.005 0.005 0.006 0.003
Fe 4587 4585 4.684 4755 4877 5121 4959 4839 4816 4.826 4920 4.8381 4.886 4.755
Mn 0.036  0.038 0.031 0.031 0.023 0.026 0.017 0.025 0.029 0.030 0.035 0.027 0.030 0.031
Mg 1.852 1786 1919 1.831 1.886 1.880 1.676 1972 1.807 1.839 1.859 1.888 1925 1.831
Zn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca 0.001 0.004 0.003 0.003 0.004 0.013 0.050 0.002 0.003 0.003 0.004 0.003 0.000 0.003
Na 0.003  0.000 0.005 0.004 0.006 0.012 0.025 0.000 0.006 0.010 0.006 0.001 0.017 0.004
K 0.001 0.001 0.003 0.035 0.022 0.019 0510 0.005 0.004 0.003 0.002 0.000 0.001 0.035
Cl 0.001  0.004 0.006 0.002 0.002 0.003 0 0 0 0 0 0 0 0.002
Total 10.87 10.84 10.84 1097 11.06 11.18 11.33  11.08 1097 1099 11.07 11.05 11.10 10.97
ALY 2.2 2.1 2.3 2.2 2.3 2.4 2.3 24 2.2 2.2 2.3 23 24 2.2
ALY 0.4 0.4 0.3 0.3 0.2 0.1 0.0 0.2 0.3 0.2 0.2 0.2 0.2 0.2
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Continuation of Table 2.

Schist

Mol-3

SiO, 21.1 2022 21.54 22.08 1996 21.6 20.1  21.04 20.67 18.05 2426 20.17 19.24 18.81
TiO, 0.176 0.078 0.098 0.105 0.082 0.087 0.091 0.08 0.056 0.065 0.037 0.07 0.085 0.032
ALO; 2256 2440 2431 23.61 2356 2354 2399 2420 23.65 2436 2433 2427 2413 23.39
FeO  31.50 29.59 29.17 29.75 29.13 2937 30.05 2943 2998 30.08 2991 29.73 2942 29.13
MnO 0.156 0.211 0.199 0.199 0.227 0.148 0.134 0.205 0.142 0.21 0.17 0203 0.185 0.123
MgO 1032 11.52 11.80 11.78 1197 11.58 1144 1146 11.00 11.18 11.68 11.67 11.62 11.59
CaO  0.189 0 0.013 0.022 0.024 0.022 0.016 0.026 0.169 0.026 0.02 0.008 0.033 0.057
Na,O  0.037 0 0 0.004 0.003 0.008 0.024 0.032 0 0 0.036 0.023 0.017 0
K;O  0.142 0.005 0.007 0 0.013 0.022 0.001 0 0.08 0.002 0.002 0.002 0.013 0.06
Cl 0.021 0.001 0.001 0.01 0.014 0.023 0.013 0.005 0.018 0.008 0.01 0.01 0.014 0.014
Total 86.20 86.03 87.16 87.57 8499 86.41 8586 86.49 8577 8399 9046 86.17 84.76 83.21

140

Si 1.7 1.6 1.7 1.8 1.6 1.7 1.6 1.7 1.7 1.6 1.9 1.6 1.6 1.6
Al 24 2.6 2.6 2.5 2.6 2.5 2.6 2.6 2.6 2.7 2.5 2.6 2.7 2.6
Ti 0.014 0.006 0.008 0.008 0.007 0.007 0.007 0.006 0.005 0.005 0.003 0.006 0.007 0.003
Fe 5.116  4.815 4.687 4756 4.799 4.759 4900 4.765 4.894 5.014 4.629 4831 4.860 4.902
Mn 0.025 0.034 0.032 0.032 0.037 0.024 0.022 0.033 0.023 0.035 0.026 0.033 0.031 0.021
Mg 1.676 1.876 1.897 1.884 1.972 1.877 1.866 1.856 1.796 1.864 1.808 1.897 1.920 1.950
Zn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca 0.031 0.000 0.002 0.004 0.004 0.004 0.003 0.004 0.028 0.004 0.003 0.001 0.005 0.010
Na 0.012 0.000 0.000 0.001 0.001 0.003 0.008 0.010 0.000 0.000 0.011 0.007 0.006 0.000
K 0.046 0.002 0.002 0.000 0.004 0.007 0.000 0.000 0.026 0.001 0.001 0.001 0.004 0.020
Cl 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total 11.07 11.02 1096 1096 11.05 10.97 11.05 1098 11.03 11.22 10.86 11.04 11.07 11.11

AlY 23 24 23 2.2 24 23 24 23 23 24 2.1 24 24 24
AlY 0.2 0.3 0.3 0.3 02 03 0.2 0.3 03 03 0.4 0.3 02 02
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Table 3. Electron microprobe analytical results of chlorite in schists and hornfelses from northern Azna.

Schist Hornfels
Mol-3 Mt-mv
Si0, 2052 193 20.88 1841 18.08 19.06 20.24 17.83 17.62 1831 17.96 22.72 2396 22.88
TiO,  0.158 0.073 0.017 0.074 0.043 0.032 0 0.048 0.08 0.059 0.101 0.058 0.246 0.865
ALO; 239 2345 2378 2397 2375 24.14 2420 24.12 24.04 2382 2340 24.16 21.12 20.87
FeO 2851 2995 29.16 29.82 29.62 2995 30.01 29.81 3039 2984 2957 27.61 3130 31.21
MnO 0.154 0.147 0.19 0.159 0.18 0.142 0.185 0.185 0.181 0.185 0.189 0.189 0.249 0.186
MgO 10.85 11.79 11.79 11.64 1149 1150 1127 11.62 1141 11.86 11.82 11.30 10.07 10.08
CaO  0.051 0.015 0.007 0.036 0.01 0.001 0.006 0.007 0.015 0 0.003 0.035 0.075 0.012
Na,O 0.012 0.006 0.016 0.013 0 0.03 0.017 0.044 0.01 0 0 0.051 0.011 0
K20 0.18 0.009 0.007 0.014 0 0 0 0 0 0 0.001 036 0.154 0.196
Cl 0.034 0 0.015 0.008 0.004 0 0.007 0 0.001 0.005 0.007 0.026 0.006 0.013
Total 8438 84.74 8586 84.16 83.19 8486 8595 83.69 83.76 84.08 83.06 86.53 87.20 86.33
140
Si 1.7 1.6 1.7 1.5 1.5 1.6 1.6 1.5 1.5 1.5 1.5 1.8 1.9 1.9
Al 2.6 2.6 2.6 2.7 2.7 2.7 2.6 2.7 2.7 2.6 2.6 2.6 2.3 2.3
Ti 0.013 0.006 0.001 0.006 0.004 0.003 0.000 0.004 0.007 0.005 0.009 0.005 0.020 0.070
Fe 4731 4948 4.754 4961 4986 4941 4889 4988 5.081 4969 4985 4469 5.025 5.062
Mn 0.026 0.024 0.031 0.026 0.030 0.023 0.030 0.031 0.030 0.031 0.032 0.031 0.040 0.030
Mg 1.801 1949 1.923 1938 1.934 1898 1836 1945 1907 1975 1993 1.829 1.618 1.636
Zn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca 0.008 0.002 0.001 0.006 0.002 00 0.001 0.001 0.003 00 0.001 0.006 0.012 0.002
Na 0.004 0.002 0.005 0.004 0.0 0.010 0.006 0.015 0.003 0.0 0.0 0.017 0.004 0.0
K 0.060 0.003 0.002 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.116 0.049 0.064
Cl 0.005 0 0.002 0.001 0.0 0.0  0.001 0 0.0 0.0 0.001 0.004 0.001 0.002
Total 1099 11.11 11.00 11.13 11.14 11.10 11.04 11.16 11.18 11.14 11.16 1092 1095 10.97
ALY 2.3 2.4 2.3 2.5 2.5 24 24 25 25 2.5 2.5 22 2.1 2.1
Al 0.3 0.2 0.3 0.2 0.2 02 03 02 02 0.2 0.1 0.4 0.2 0.1

\ta



A O)Lo.»i) N0 0)90 AF-¥ ).».!Li

a

FEE e, . be
A8 e Lgdﬁ)ls stl-w O+ ]f;"'forzﬁ-:a¢b

Y gz aelol

Continuation of Table 3.

Hornfels
Mt-mv Ta
Si02 2236  23.18 22.03 22.23 22.94 22.96 23.33 2253 21.07 2145 2389 2234 21.14 21.85
TiO2  0.664 0.324 0.541 0.765 0.623 0.586 0.443 0.017  0.069 0.037 0.042 0.057 0.045 0.028
ALOs;  20.89 21.44 20.88 20.71 21.22 22.32 2193 2430 24.39 2426 2438 2386 2292  24.09
FeO 31.71 30.60 31.03 31.03 29.46 29.48 29.09 2893 29.82 28.73 29.68 29.51 27.53 2941
MnO  0.241 0.185 0.199 0.226 0.339 0.35 0.42 0.46 0.502 0423 0439 0506 0.433 0473
MgO  9.936 10.16 10.22 10.25 10.73 10.95 10.97 11.47  11.13 11.11 11.00 11.30 1097 11.23
CaO 0.017 0.065 0.048 0.011 0.004 0.011 0.011 0.028 0.013 0.045 0.028 0.015 0303 0.022
Na2O  0.026 0.017 0 0.008 0.02 0.012 0.007  0.012 0.007 0.003 0.016 0 0.064 0
K20 0.306 0.2 0.216 0.344 0.769  0.452 0242  0.055 0.009 0.036 0.015 0.014 0.117 0.007
Cl 0.007 0.006 0.011 0.013 0.033 0.026 0.023 0.008  0.004 0.014 0 0.001 0.001  0.005
Total 86.17 86.18 85.19 85.60 86.16 87.16 86.48 87.82 87.03 86.12  89.50  87.62 83.54 87.12
140
Si 1.8 1.9 1.8 1.8 1.9 1.8 1.9 1.8 1.7 1.7 1.9 1.8 1.8 1.8
Al 23 23 23 23 23 2.4 2.4 2.6 2.6 2.6 2.5 2.5 2.6 2.6
Ti 0.054 0.026 0.044 0.063 0.051 0.047 0.036 0.001 0.006 0.003 0.003 0.005 0.004 0.002
Fe 5153 4971 5101 5076 4.787 4.736 4710 4.612 4.798 4.671 4.643 4.716 4.614 4.726
Mn  0.039 0.030 0.033 0.037 0.055 0.056 0.068 0.073 0.081 0.069 0.069 0.081 0.073 0.076
Mg 1.614 1.651 1.680 1.677 1.745 1.760 1.776 1.828 1.791 1.807 1.721 1.806 1.840 1.805
Zn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca  0.003 0.011 0.008 0.002 0.001 0.002 0.002 0.004 0.002 0.007 0.004 0.002 0.051 0.004
Na  0.008 0.006 0.000 0.003 0.006 0.004 0.002 0.004 0.002 0.001 0.005 00 0.021 0.0
K 0.099 0.065 0.071 0.113 0250 0.145 0.078 0.018 0.003 0.012 0.005 0.004 0.039 0.002
Cl 0.001 0.001 0.002 0.002 0.005 0.004 0.004 0.001 0.001 0.002 0.0 0.0 0.0  0.001
Total 11.05 1096 11.03 11.04 11.06 10.98 10.93 10.83 10.86 10.81 10.86 1094 10.97 10.95
AlY 2.2 2.1 2.2 2.2 2.1 2.2 2.1 2.2 23 23 2.1 2.2 22 22
AlY 0.1 0.2 0.1 0.1 02 02 0.3 0.4 0.3 0.4 0.4 0.3 03 03
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Table 4. Electron microprobe analytical results of chlorite in hornfelses, metagranites, and granites from northern Azna

Hornfels Meta-Granite Granite
Ta dzh Ta-1
Si02  21.65 22.01 22.12 2122 2285 3044 3086 2732 2847 28.02 2517 30.16 2834 2633
TiO2  0.069 0.039 0.085 0.066 0.067 0.168 0.949 0451 001 0638 0.13 024 0.18 0.04
ALOs 2426 2379 2363 2395 2356 2144 21.18 21.72 21.66 2144 2035 2231 2275 2280
FeO 2851 2825 28.87 2897 2855 3424 36.63 37.64 3626 293 29.04 3471 3561 37.83
MnO 0454 0.409 0.517 0434 044 0897 0.645 0.548 0 0343  0.35 0 0.12  0.197
MgO 1144 1139 11.70 11.04 1139 5.031 5926 5.084 5.026 5491 6.012 5501 5.705 11.53
CaO  0.028 0.007 0.01 0.099 0.021 0.122 023 039 0.011 0.022 001 0.012 0401 0.024
Na20 0 0.033  0.001 0 0 0.004 0.04 0.003 0.016 0.011 0 0.002 0.003  0.008
K20 0.022 0.013 0.005 0.02 0.017 0.126 2.156 0.217 0.009 0.685 0 0 0.41  0.022
Cl 0.003 0 0.011 0.007 0.006 0.033 0.043 0.329 0 0.032  0.041 0 0 0.044
Total 86.45 8595 86.96 85.81 8691 9252 98.67 93.70 9147 8598 81.10 9293 93.51 98.83
140
Si 1.8 1.8 1.8 1.7 1.8 2.3 2.1 2.0 2.1 2.2 2.1 2.2 2.1 1.9
Al 2.6 2.6 2.5 2.6 2.5 2.16 2.0 2.1 2.2 2.3 2.3 2.2 2.2 2.2
Ti 0.006 0.003 0.007 0.005 0.005 0.01 0.07 003 000 005 0.01 002 001 0.003
Fe 4618 4.602 4.648 4.726 4.600 5.18 520 562 555 477 5.0l 523 533 5.35
Mn  0.074 0.067 0.083 0.071 0.071 0.14 0.09 008 0.00 0.06 006 000 0.02 0.028
Mg 1.854 1.856 1.885 1.802 1.835 0.761 0.841 0.760 0.769 0.894 1.04 083 0.85 1.634
Zn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca 0.005 0.001 0.002 0.016 0.003 0.018 0.033 0.058 0.002 0.004 0.002 0.002 0.060 0.003
Na 0.000 0.011 0.0 0.0 0.0 0.001 0.011 0.001 0.005 0.004 0.0 0.001 0.001 0.002
K 0.007 0.004 0.002 0.007 0.005 0.038 0.612 0.065 0.003 0.223 0.0 0.0 0.123  0.006
Cl 0.000 0.000 0.002 0.001 0.001 0.005 0.006 0.045 0.000 0.005 0.007 0 0 0.005
Total 1093 10.92 10.94 1096 10.89 1043 10.74 1053 1035 10.23 10.64 10.59 10.79 11.05
ALY 22 22 22 2.3 22 1.7 1.8 2.0 1.8 1.7 1.8 1.7 1.9 21
AlYi 0.4 0.4 0.3 0.3 0.3 0.5 02 02 0.4 0.6 0.5 0.5 04 0.1
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Continuation of Table 3.
Granite
Ta-1
Si0,  26.04 27.09 29.84 2835 27.172 2746 2826 28.07 2732 27.14
TiO, 00913 0.634 0.074 0.062 0.017 0791 0.677 0.104 0.754  0.429
ALO; 20.827 21.097 2431 2417 2474 21.029 21.743 21481 21.033 21.519
FeO  30.155 30.571 29.36 30.35 30.136 39.639 38979 34.458 38.562 33.657
MnO  0.351 0.411 0.13 04.‘3 0.113  0.349 0.34 0.166  0.163  0.187
MgO 10.281 10.819 1045 11.72 11.76 10.283 10.92 9.689 10.123 10.172
CaO 0.049 0.018  0.032 0.304 0.008 0.053  0.028  0.448 0.04 0.051
Na,O  0.028 0.033  0.026 0.012 0.02 0.006 0 0.045 0.032  0.005
K20 0.888 0.604 0.004 0.006 0.004 0915 0.626 1.133 1.25 0.038
Cl 0.057 0.024 045 0.012 0.051 0.03 0.027 0.04 0.002  0.041
Total 89.589 64211 94.67 9499 94.021 100.55 101.6 95.634 99.279 93.239
6 4
140
Si 2.0 2.0 2.2 2.1 2.0 1.9 1.9 2.1 1.9 2.0
Al 2.2 3.1 2.4 2.4 2.5 2.0 2.0 2.1 2.0 2.2
Ti 0.071 0.069 0.005 0.005 0.001 0.055 0.047 0.008 0.053 0.032
Fe 4.712 6.665 4342 4474 4487 5519 5371 5044 5438 5.054
Mn 0.055 0.090 0.019 0.044 0.017 0.049 0.047 0.024 0.023 0.028
Mg 1.607 2359  1.545 1.728 1.751 1.432 1505 1418 1428 1.527
Zn 0.0 0.000 0.0 0.0 0.0 0.000  0.000 0.000 0.000 0.000
Ca 0.008 0.004 0.005 0.001 0.001 0.007 0.004 0.066 0.006 0.008
Na 0.009 0.014  0.008 0.004 0.006 0.002 0.000 0.013 0.009 0.002
K 0.278 0.263  0.001 0.002 0.001 0255 0.173 0332 0353 0.011
Cl 0.008 0.003  0.067 0.002 0.008 0.004 0.003 0.005 0.0 0.01
Total  10.951 14485 10.67 10.67 10.677 11.185 11.094 11.061 11.213 10.859
AlY 2.0 2.0 1.7 1.9 1.9 2 2 1.9 2 2.0
Al 0.2 1.1 0.7 0.5 0.6 0 0 0.2 0 0.2
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